Invasive species are one of the main threats to the loss of global biodiversity. Controlling such species requires a high input of effort and resources and therefore it is important to focus control on areas that will maximize gains for conservation. We present a spatial modelling approach that will help target control efforts. We used presence-only data to develop habitat suitability models for the invasive tree Casuarina equisetifolia and three endemic plant species on the Turks and Caicos Islands in the Caribbean. Substantial overlap was found between suitable areas for the endemics and C. equisetifolia. Evidence for the potential harm that C. equisetifolia could cause to native vegetation was assessed using paired areas with and without invasion. Areas with C. equisetifolia present had lower native plant species richness than areas where it was absent, which suggests a negative effect of invasion on the growth of native plants. No endemic plants were found in areas where C. equisetifolia was present. Based on the data collected we recommend that the three endemic species be categorized as Endangered on the IUCN Red List. By highlighting areas where the endemic plants are found and demonstrating a potential threat to these habitats, we provide a plan for the designation of six Important Plant Areas to promote conservation of these endemic species.
Introduction
T he Caribbean region is recognized as a global biodiversity hotspot (Myers et al., 2000) and the Turks and Caicos Islands are regionally notable for large areas of wild nature. However the high conservation value flora and fauna are increasingly threatened by development for the tourist industry and the spread of invasive species (Ray et al., 1999; Kairo et al., 2003; Garland-Campbell, 2008) . This habitat change is of particular concern because the Islands are home to a number of endemic species, including nine plants. Here we focus on three of these endemic plant species for which unambiguous identification in the field is available.
The invasive tree Casuarina equisetifolia L. (Casuarinaceae) has spread rapidly in Turks and Caicos, most notably in the last 50 years (C. Forbes, pers. comm.) but there are few data on its range and impact on the Islands. C. equisetifolia is a dicotyledonous tree 7-25 m tall with wind-pollinated small brown flowers and seeds that are wind and water dispersed (Parrotta, 1993; Weber, 2003) ; it is one of the 100 worst invasive species (GISD, 2009) . It is native to Australia, Oceania, Malaysia and southern Asia (Masterson, 2007) and was introduced into Barbados in c. 1870 (Elfers, 1988) and Florida in 1898 (Masterson, 2007) for coastal landscaping and as a windbreak. It probably reached the Turks and Caicos Islands at a similar time. C. equisetifolia is still planted on the Islands for landscaping, shade and sand stabilization. Awareness of its exotic status and negative impacts is low amongst local residents (Hardman, 2009) . In Florida it is listed as a Category 1 exotic species (having damaging effects on the native ecosystem) and control programmes have been implemented (Langeland & Burks, 1998) . However empirical evidence of the negative impact of invasive plants is often lacking (Foxcroft & Freitag-Ronaldson, 2007) and this is the case for C. equisetifolia.
Target 5 of the Global Strategy for Plant Conservation is to identify and protect a global network of key sites for plant conservation (Secretariat of the CBD, 2010). The research reported here contributes to this Strategy by providing data for the identification of Important Plant Areas (IPAs) on the Turks and Caicos Islands. The IPA initiative, led by Plantlife International, aims to identify and conserve areas of exceptional botanical importance (Plantlife International, 2006) . The Strategy also calls for a preliminary assessment of the conservation status of all known plant species by 2010 (Secretariat of the CBD, 2010), and we contribute to this here by assessing the conservation status of three plants endemic to Turks and Caicos.
Here we map the range of the three focal endemic plant species and assess their conservation status, compare the native vegetation of areas invaded and uninvaded by C. equisetifolia, and predict areas of habitat suitable for the three endemic species and for C. equisetifolia. We use these data to recommend the designation of six IPAs.
Study area
The Turks and Caicos Islands are a UK Overseas Territory in the northern Caribbean (Fig. 1) . The total land area of the archipelago is 430 km 2 . Biogeographically the Islands are contiguous with the Bahama archipelago. Nine of the 40 islands are permanently inhabited and two are being developed to have permanent settlements. The Islands are predominantly low-lying limestone and vegetation is largely secondary, on old plantation sites (Mills, 2008) . Natural disturbances include fires and hurricanes. Dunes and limestone scrub are the most prevalent habitats but there are also areas of dry tropical forest, pine rocklands (locally called pineyards) and salinas (brackish, periodically inundated pools). The major threats to the natural habitats of the Islands are conversion for development, mostly associated with the tourist industry, and the threat of rising sea levels associated with climate change (Ray et al., 1999) .
Endemic plant species profiles
Argythamnia argentea Millsp. (Euphorbiaceae) is a monoecious shrub that can reach 60 cm but usually grows close to the ground. Three other, non-endemic, species of Argythamnia occur on the Islands and are superficially similar in appearance to A. argentea (Correll & Correll, 1982) . The entire leaves of A. argentea are alternate and their thick silvery pubescence is a distinguishing feature (Correll & Correll, 1982) . Pollination method is unknown. Seed dispersal is by elastically dehiscent fruit capsules (BNM, pers. obs.). The species is abundant on Big Ambergris Cay (MAH, pers. obs.) and has been documented on Grand Turk (Correll & Correll, 1982) .
Encyclia caicensis Sauleda and Adams (Orchidaceae) has erect, linear leaves up to 60 cm long and 4 cm wide, and elongated, clustered pseudobulbs up to 15 cm in length and 5 cm in diameter (BNM, pers. obs.). The species occurs both as an epiphyte and as a terrestrial plant on coastal dunes. The terminal inflorescence grows up to 215 cm, with closely spaced branches and internodes. The three lobed, whiteyellow labellum has distinct red-purple stripes (Correll & Correll, 1982) . Seed capsules are pendant and up to 3 cm long. The plant retains the old flowering stems, making identification of the species, based on internode spacing and position of inflorescence branches, easier (BNM, pers. obs.). Hybrids with the non-endemic Encyclia altissima Schltr. occur. Pollination method is unknown. The seeds are wind dispersed. Limonium bahamense (Griseb.) Britt. (Plumbaginaceae) is a small, herbaceous perennial up to 30 cm tall, restricted to salina habitats. As a juvenile the plant has a rosette of spatulate leaves close to the ground (Correll & Correll, 1982) . These are lost when the plant reaches maturity and forms a branched, leafless form with a green-grey photosynthetic succulent stem. The flowers form dense clusters, aggregated on one side of the spike (Correll & Correll, 1982) . A small blue butterfly (possibly Brephidium sp.) has been seen around the flowers and may be a pollinator. The species is probably insect pollinated, with wind dispersed seeds but this has not been verified (BNM, pers. obs.).
Methods
Fieldwork was carried out between 11 May and 27 June 2009. The distribution of the three endemic species and C. equisetifolia was assessed by recording presence and absence along 400-m transects, with assessment points every 50 m. This survey strategy was designed to avoid spatial autocorrelation and represent all habitat types across the Islands (Sutherland, 2006) . A hand-held computer with integrated global positioning system was used to record data directly into ArcPad v. 7.0 (ESRI, Redlands, USA). In total 81 transects were surveyed across nine islands, two of which are uninhabited by humans. Middle and North Caicos were sampled more intensively than the other islands because of ease of accessibility but at least six transects were surveyed on each island. Detection error is highly unlikely for C. equisetifolia, E. caicensis and L. bahamense because of their distinct habit and form. However, detection error could bias results for A. argentea because of its discrete presence in the forest undergrowth, and therefore the strip width of each transect was only 2 m. Observations of the plant recorded opportunistically off transects were also recorded. To assess the Red List status (IUCN, 2001) of the endemic species the extent of occurrence (the area contained within the shortest continuous imaginary boundary that can be drawn to encompass all the known sites of occurrence of a taxon, excluding cases of vagrancy) and area of occupancy (the area within the extent of occurrence that is occupied by a taxon) were calculated using Moat (2007) .
Although niche-based models for C. equisetifolia could have been built using data from either the invaded range on the Turks and Caicos Islands or the native range (e.g. Australasia) we used the former. C. equisetifolia invaded the Islands c. 100 years ago and it is likely that its ecology is now different from in its native range. Factors specific to habitats within the Turks and Caicos Islands are now likely to be important in predicting suitable habitat for the species. If C. equisetifolia does not yet occupy all suitable environments in the Islands, the models may under-predict the full potential for invasion (Broennimann & Guisan, 2008) .
Maps of habitat predicted to be suitable for C. equisetifolia and the three endemic species were produced using habitat suitability models created with MaxEnt v. 3.3.1 (Phillips et al., 2006) . Nine environmental predictors were used ( Table 1) . Distance to roads, coast and settlements were expected to be important predictor variables and were used to calibrate the models. The coastline was divided into north, south, east and west to assess the individual impact of each coastal aspect upon presence. Elevation, Normalized Difference Vegetation Index and soil index were included as environmental predictors because they are currently the only remotely sensed data available for the Islands. The island area was divided into a grid of cells of 30 × 30 m and the model was used to calculate a probability of the presence of each species in each cell. Points that fell within the same grid cell were deleted before analysis to avoid overrepresentation in the model. Model outputs were interpreted with caution as some areas (e.g. near roads) were sampled more than others.
A random 75% of the presence points were used to develop each model; the remaining 25% were used to test model performance. The final model was chosen using the highest AUC (area under the receiver operating curve; Elith et al., 2006) . A convergence threshold of 0.00001 with a maximum of 500 iterations and a maximum of 10,000 background points was used. Cross-validation involved four Models can be compared using AUC values. AUC represents the chance that a randomly chosen presence point ranks as more suitable habitat than a random background point. It is calculated using pseudo-absences generated by randomly sampling the background grids rather than using true absence points. The area over which pseudo-absence points are chosen affects model performance and variable importance (VanDerWal, 2009; Elith et al., 2010) . Pseudo-absence points were chosen over the whole archipelago for which predictor variables were available. This implies that the entire region was available to the species and to those collecting survey records. An alternative approach to background sampling is to develop a mask for indicating how far the species could have reached if conditions were suitable for its survival (Elith et al., 2010) . However, a mask of reachable areas could not be created for the Islands because data on the historical rate of invasion were not available. Being a relatively small land mass compared to that used in Elith et al. (2010) , Australia, this seems less of an issue because most areas are likely to be reachable.
To quantify the relationship between C. equisetifolia and native vegetation a paired plot design was used. A 10 × 10 m plot invaded by C. equisetifolia and an adjacent plot uninvaded by C. equisetifolia were surveyed. Plots were paired to be as similar as possible in aspect, geology, habitat type and distance to sea and roads. Plots were classified as heavily disturbed, partially disturbed or intact according to the level of anthropogenic disturbance. Thirty pairs of plots were surveyed across Middle and North Caicos in a range of habitat and disturbance types. All plant species rooted in the plot were identified to species. The number of native species, as listed by Correll & Correll (1982) , was compared between plots using a matched pairs t-test with a significance threshold of P , 0.05. A log-linear model on nonorthogonal count data with Poisson errors was used to test the influence of C. equisetifolia invasion (present, absent), disturbance (high, partial or intact), habitat type (dune scrub, dune thicket, limestone scrub or limestone thicket), and all potential interactions between these factors, on native species richness. The model was checked for over-dispersion and simplified using a stepwise method (Crawley, 2007) . Analysis was carried out using R v. 2.9.2 (R Development Core Team, 2009).
Results
The endemic species were rare across the nine surveyed islands. A. argentea was located on five of the 81 transects, on three of the nine islands. E. caicensis was the most frequently encountered of the three species, detected on 10 transects but only on two islands. L. bahamense was located on eight transects across five islands. Including opportunistic presence records the total number of occurrences for each species were 53 for A. argentea, 142 for E. caicensis and 182 for L. bahamense. Using the IUCN Red List criteria (IUCN, 2001) the presence data resulted in all three species being categorized as Endangered. The extent of occurrence and area of occupancy for the three species met Criterion B with sub criterion a (fragmented populations) and b iii (declining area and quality of habitat).
Performance of the MaxEnt habitat suitability models was high, with test and training AUC values well over the 0.75 threshold above which models are considered useful (Elith, 2002) . Presence records used in MaxEnt are shown in Fig. 2a & b . The MaxEnt model showed distance to roads to be the most important factor influencing distribution of C. equisetifolia, with presence being more likely closer to a road. The three endemic species exhibited a higher likelihood of presence closer to the east coast and further from roads. Fig. 3 illustrates the six islands, of the nine surveyed, which have overlap between predicted suitable habitat for C. equisetifolia and for the three endemic species. All islands were predicted to have suitable habitat for C. equisetifolia. Our field observations show that C. equisetifolia has colonized all islands except Big Ambergris Cay.
None of the three endemic species were found growing under C. equisetifolia. Plant species richness in plots invaded by C. equisetifolia was significantly lower than that of uninvaded plots ( Fig. 4 ; paired t-test with equal variances, t 5 5.08, df 5 29, P , 0.05). Of the 77 species recorded in plots, 26 were never found under C. equisetifolia, suggesting they may grow poorly or not at all in the presence of this invasive tree.
Whether a plot was invaded or uninvaded by C. equisetifolia was the only significant factor that explained native species richness (log-linear model with Poisson errors on non-orthogonal count data, n 5 60, intercept 5 2.21, P , 0.01, Uninvaded plot vs invaded plot coefficient 5 − 0.44, P , 0.01). No interaction terms were significant. Habitat type was removed from the model because it caused an insignificant increase in residual deviance (χ 2 , df 5 3, P 5 0.95) and disturbance level was removed for the same reason (χ 2 , df 5 2, P 5 0.08) and this improved the fit of the model.
Discussion
The data from this presence/absence survey show that the three endemic species examined have very restricted ranges on the Turks and Caicos Islands and should be categorized as Endangered on the IUCN Red List. Although we aimed to reduce bias by surveying all habitats and across as many islands as possible it was not possible to sample randomly because large areas are inaccessible; the influence of distance to roads may be inflated by this bias. Model predictions could be improved by methods that collect occurrence records from the full range of habitats inhabited by the species (Phillips et al., 2006; Gaston & Fuller, 2009) . For example, the lack of predicted suitable habitat for the endemic plants on the uninhabited island of East Caicos may represent under-sampling and an absence of roads. Improved coverage of survey points along environmental and geographical gradients would improve the models (Hortal et al., 2008) .
Distribution maps of invasive species have been criticized as misleading because they rely on coarse data and do not reflect the complexity of dispersal patterns (Hulme, 2003) . Nevertheless, our maps provide a useful general indication of where the three endemic species are likely to be threatened by the invasive C. equisetifolia. The strength of these maps lies in the matched methods used to survey and analyse the ranges of the endemic and invasive plant species, making them directly comparable. Large areas are suitable for both C. equisetifolia and the three endemics. C. equisetifolia is associated with reduced native species diversity in its vicinity and no endemic plants were found growing beneath it. This evidence suggests that C. equisetifolia is a significant threat to the survival of the three endemics.
The presence of C. equisetifolia was the only significant variable in explaining variation in native plant species richness between invaded and uninvaded plots, whereas disturbance and habitat type were not significant factors. This indicates that the presence of C. equisetifolia reduces plant species richness, rather than the reduction being due to invaded plots being disturbed areas. Nevertheless, disturbance, particularly the building of roads, appears to facilitate C. equisetifolia invasion, with this being the most important factor in the predictive mapping of suitable habitat. C. equisetifolia seeds can be dispersed by both wind and motor vehicle tyres and thus roads are a pathway of accelerated dispersal. Road building should be carried out in a sensitive way to minimize the spread and impact of exotic plants. This could be through targeting road building towards more resistant or already degraded community types or re-establishing native vegetation after construction (Gelbard & Belnap, 2003) .
Many invasive plants colonize disturbed areas faster than intact habitats (Meyerson & Mooney, 2007) . This has led to a debate regarding whether it is the habitat change or the invasive species driving the impact on native species. MacDougall & Turkington (2005) articulate this debate in terms of the driver and passenger models. In the driver model, exotic species outcompete native species through a direct interaction. In the passenger model, non-interactive factors, such as habitat disturbance, favour dominant species. In an examination of exotic grasses in an oak savannah MacDougall & Turkington (2005) found evidence for the passenger model. However driver and passenger models are extremes of a continuum and an ecosystem is likely to lie between the two extremes (Didham et al., 2005) .
Our study suggests that C. equisetifolia is more of a driver than a passenger. The dense mat of pine-needle-like leaves and branchlets that we observed under C. equisetifolia could be a mechanism by which the species causes reduced native species richness. Litter fall is thought to suppress recruitment of native species (Gordon, 1998) and there is evidence of the allelopathic nature of leaves of C. equisetifolia on crop species (Jadhav & Gaynar, 1995) , probably due to high concentrations of selenium and salts and low decomposition rates (Parrotta, 1993) . The shade created by C. equisetifolia may put dune species adapted to high light levels at a disadvantage (Marchante et al., 2003) . Being a nitrogen-fixing species C. equisetifolia is also likely to alter local nutrient cycling, perhaps changing the ecological niches of native species (Gordon, 1998) . These factors could explain the negative effects of C. equisetifolia on native species. A removal experiment (e.g. Gould & Gorchov, 2000) could be used to test this.
Most of the overlap in suitable habitat for both C. equisetifolia and the three endemic species, especially A. argentea and L. bahamense, is on the islands of Big Ambergris Cay, Grand Turk and Salt Cay. The distribution of the three endemic species is very limited and the synergistic threats of invasive plants and development threaten to reduce their range further. Conservation efforts to help retain these rare plants in the ecosystem are a priority, and protecting the habitats of such rare species could also help control the spread of invasive species. Experimental removal of rare species in an assemblage resulted in higher colonization by an exotic grass than controls (Lyons & Schwartz, 2001) . Conservation planning for rare plants therefore needs a combined approach of both habitat protection and invasion control. Threat of Casuarina equisetifolia 209
The identification of key sites, as yet uninvaded by C. equisetifolia, as IPAs would provide international recognition of the botanical importance of these areas. Based on our observations of where the endemic plants occur (Fig. 2b) , along with predictions of areas suitable for C. equisetifolia invasion (Fig. 3) , we identified six potential IPAs: the north coast of North Caicos, Wild Cow Run and Big Pond on Middle Caicos, and parts of Grand Turk, Big Ambergris Cay and Salt Cay (Fig. 2c) . Although identification of an area as an IPA does not provide any legal protection, IPA status highlights the need to conserve a site. The proposed IPA sites on Big Ambergris Cay, Middle Caicos and Salt Cay are all areas marked for development. With careful planning the impact of these developments could be minimized to ensure that the populations of endemic species are not detrimentally affected, for example by avoiding facilitation of invasion by C. equisetifolia.
Target 8 of the the Global Strategy for Plant Conservation is to have 60% of threatened plant species in ex situ collections and 10% of these in restoration or recovery programmes. All three endemic species studied here are held in the Government nursery on North Caicos and seeds are stored in the Millennium Seed Bank of the Royal Botanic Gardens (RBG), Kew, UK. In addition ex situ collections of L. bahamense and E. caicensis are held at RBG. Genetic material from the wild populations of the three endemic plant species has been collected for addition to the RBG DNA Bank. Future research will evaluate the population genetics of these species in the wild and the representativeness of the ex situ collections. The next step is to develop action plans for each species to guide conservation action and ensure their long-term survival.
Preventing invasion of uninvaded areas that are key sites for the three endemic species (IPAs in particular) can now be prioritized using the maps in Fig. 3 . In Florida, C. equisetifolia control focuses on attacking nascent foci (newly established colonies) to contain the invader, as total eradication is infeasible (Mack & Lonsdale, 2002) . Biological control could be an option for control of C. equisetifolia (Pemberton, 1996) and the costs and benefits of various foliage-feeding insects are being evaluated (CSIRO, 2010) . Mechanical control is currently the best option. It has been a successful control strategy (Simberloff, 2009 ) and used to create new employment opportunities (Foxcroft & Freitag-Ronaldson, 2007) . One disadvantage of mechanical control is the high recurring cost.
Conservation of the six IPAs that we have identified would be a valuable step towards ensuring the survival of the three endemic species. This study provides the basis for formal identification of the proposed IPAs, which we hope will take place when the political situation allows. Our results and recommendations have been presented in the Turks and Caicos Islands at both a public meeting and to the Government Department of Environment and Coastal Resources. The Turks and Caicos Islands Environmental Club has begun an invasive plant identification and training programme, and is involved in some removal. The Turks and Caicos Islands government is considering a programme to encourage the harvesting of C. equisetifolia for charcoal production. This could help control the species, limiting the seed set potential through coppicing, and provide local livelihoods. However, the programme would need to be monitored to ensure that the harvesting does not encourage expansion of C. equisetifolia. A programme that combines harvesting for charcoal production, control of the invading frontier and removal of outliers in the population would be a major contribution to Target 10 of the Global Strategy for Plant Conservation. Research is now being carried out to ground truth the outputs of the predictive habitat mapping presented here and investigate social attitudes towards using C. equisetifolia rather than native trees as a source of charcoal. C. equisetifolia is a serious threat to the native flora of the Turks and Caicos Islands and the results of this study are helping to focus research and control efforts. The whiskers for the invaded plot show 1.5 times the interquartile range and one outlier, the whiskers for the uninvaded plot show the maximum and minimum values. The notches give an approximate 95% confidence interval for the difference between the medians. In this case the notches do not overlap, illustrating the medians are significantly different, as shown by a paired t-test (see text for details). 
